We propose an electroweakly interacting spin-1 dark matter (DM) model. The electroweak gauge symmetry, SU(2) L ×U(1) Y , is extended into SU(2) 0 ×SU(2) 1 ×SU(2) 2 ×U(1) Y . A discrete symmetry exchanging SU(2) 0 and SU(2) 2 is imposed. This discrete symmetry stabilizes the DM candidate. The spin-1 DM particle (V 0 ) and its SU(2) L partners (V ± ) interact with the Standard Model (SM) electroweak gauge bosons without any suppression factors. Consequently, pairs of DM particles efficiently annihilate into the SM particles in the early universe, and the measured value of the DM energy density is easily realized by the thermal freeze-out mechanism. The model also predicts a heavy vector triplet (W ± and Z ) in the visible sector. They contribute to the DM annihilation processes. The mass ratio of Z and V 0 determines values of various couplings, and constraints on W and Z restrict regions of the parameter space that are viable for DM physics. We investigate the constraints from perturbative unitarity of scalar and gauge couplings, the Higgs signal strength, W search at the LHC, and DM direct detection experiments. It is found that the relic abundance of V 0 explains the right amount of the DM energy density for 3 TeV m V 0 19 TeV.
in the visible sector as well as the dark sector. Those new spin-1 particles in the visible sector are regarded as W and Z . They play an important role in the DM annihilation processes.
We organize the rest of this paper as follows. In Sec. 2, we describe our model. Some technical details are discussed in Appendices. In Sec. 3, we discuss constraints on the model from perturbative unitarity, the mass ratio of Z and V 0 , W and Z searches at the LHC, electroweak precision measurements, and the Higgs coupling measurements at the LHC. After constraining the model parameters, we discuss the phenomenology of DM in Sec. 4. We start by discussing the mass difference between V ± and V 0 . As discussed later, V ± is one of the targets for long-lived particle searches at the LHC. After that, we discuss the thermal relic abundance in this model. We also address the constraint from the XENON1T experiment. We show that the viable mass range of V 0 as a thermal relic is 3 TeV m V 0 19 TeV. Section 5 is devoted to our conclusions.
Model
The gauge symmetry is SU(3) c ×SU(2) 0 ×SU(2) 1 ×SU(2) 2 ×U(1) Y in our Model. Here, SU(3) c is for the QCD as in the same as the SM. The matter and Higgs fields are summarized in Tab. I. 1 In this section, we focus on the extended electroweak gauge sector, namely SU(2) 0 ×SU(2) 1 ×SU(2) 2 ×U(1) Y . We denote the gauge fields of them as W a 0µ , W a 1µ , W a 2µ , and B µ , respectively, where a = 1, 2, 3. Their gauge couplings are g 0 , g 1 , g 2 , and g , respectively. The gauge transformation of two Higgs fields, Φ 1 and Φ 2 , are given by
where U j 's are two-by-two unitary matrices of the SU(2) j gauge transformation. To reduce the number of degrees of freedom, we impose
3) We also impose the following discrete symmetry.
5)
This discrete symmetry is equivalent to the exchange of SU(2) 0 and SU(2) 2 . It requires g 0 = g 2 .
The symmetry works as a Z 2 symmetry that is utilized in many dark matter models. Linear combinations (W a 0µ − W a 2µ )/ √ 2 are odd under the symmetry. They are mass eigenstates as we will see below, and one of them is a DM candidate. On the other hand, the other linear combinations of the gauge fields are even under the symmetry. Similarly, linear combinations of Φ 1 and Φ 2 divide scalar fields into the odd and even sectors. All the SM particles are even under the discrete symmetry.
Under this setup, we can write the Yukawa interaction terms as −y uqLH u R − y dqL Hd R − y e¯ L He R + (h.c.), (2.8) whereH = H * . The gauge symmetry forbids Φ 1 and Φ 2 to couple to the fermions, and only H is the relevant Higgs field for the Yukawa interaction terms. This Yukawa sector is as simple as one in the SM, and we do not need to extend the fermion sector. This is a reason why we add two extra SU(2) gauge symmetries into the SM. If we add only one SU (2) , as in many SU (2) dark matter models, and mix the two SU(2) gauge fields after the electroweak symmetry breaking to have spin-1 DM interacts with the SM electroweak gauge bosons, then the gauge symmetry requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature of this model from other SU(2) dark matter models.
Bosonic sector
We briefly describe the electroweak sector and the related scalar sector. More details are discussed in Appendices. The Lagrangian for those two sectors is given by
Some coupling constants in the Higgs potential are common because of the discrete symmetry.
We assume that the Higgs fields obtain the following vacuum expectation values at the global minimum.
The component fields of these Higgs fields at this vacuum are given by
From the stationary condition, we find
Gauge sector
After the electroweak symmetry breaking, the gauge boson mass terms are given by
where
After diagonalizing these mass matrices, we find the following mass eigenstates,
where γ, W ± , and Z are identified as the SM electroweak gauge bosons. V 0 and V ± are odd under the discrete symmetry and are given by
(2.20)
The details, such as linear combinations for other gauge fields, are discussed in Appendix A.
The masses of dark matter V 0 and its charged partner V ± are given by
at the tree level. At the loop level, the mass difference is generated, and m V ± becomes slightly heavier than m V 0 as we discuss in Sec. 4.1. Therefore, V 0 is a dark matter candidate in our model.
Physical scalars
There are 12 scalars in the model, and 9 of them are would-be NG bosons. The three remaining neutral scalars are physical, and their mass terms are given by
After diagonalizing this mass matrix, we obtain the mass eigenstates, h, h , and h D , where h D is odd under the discrete symmetry.
If we choose the mass eigenvalues and the mixing angle (m h , m h , m h D , φ h ) as input parameters, then the quartic couplings in the Higgs potential are given by
(2.27)
Model parameters
The Lagrangian in the electroweak sector contains the following parameters.
Instead of them, we can use the following parameters as inputs, We find g W 0.65 for v Φ v numerically, namely g W is approximately the SU(2) L gauge coupling in the SM. Using g W , m Z , and m V , we can obtain g 0 , and g 1 as
The mass ratio of Z and V is given by
(2.34)
This equation shows that m Z > m V . Using these approximations, we obtain the masses of W and W as
The gauge boson couplings to the fermions are given by
for up-type (down-type) fermions, Q is the QED charge of the fermions, c Z = 1 − s 2 Z , and s Z is given as a solution of
We can see that the W and Z couplings to the SM fermions are controlled by the mass ratio of Z and V . If m Z and m V are degenerated, then those couplings are suppressed while g 0 becomes very large. Therefore, we expect that the values of W and Z couplings to the SM fermions are comparable to those of the W couplings in the region where perturbation works. We discuss this point further in Sec. 3.2.
Using g W and the masses of the gauge bosons, we find that the triple gauge couplings are given by
We emphasize that V 0 and V ± couple to W and Z without any suppression factors, see Eqs. (2.44) and (2.48) . Therefore, DM pairs can annihilate into the SM gauge bosons through these couplings,
This is a distinctive feature of our vector DM model.
Couplings of physical scalar bosons to the gauge bosons are
Note that g W W h is the same as the SM prediction for cos φ h = 1. This g W W h coupling is already measured by the ATLAS and CMS experiments, and the measured value is consistent with the SM value. Accordingly, we take small φ h in the following analysis. For a small φ h limit, the V 0 coupling to h is suppressed. However, as we mentioned already, the annihilation processes of DM pairs into the SM particles do not need to rely on the DM-Higgs coupling. Therefore, we can obtain the right amount of DM energy density however small |φ h | we take.
Constraints

Perturbative unitarity
We obtain the constraints on g 0 , g 1 , and scalar quartic couplings from the perturbative unitarity conditions for two-particle scattering processes in the high energy regime.
First, we consider two-to-two scalar bosons scattering processes in the high energy limit and derive the constraints on the scalar quartic couplings. In our derivation, we assume that these quartic couplings are much larger than the other couplings, such as gauge couplings. This model contains 12 scalars and there are 76 two scalar particle channels. We obtain the following conditions.
Second, we can derive the upper bounds on the gauge couplings from vector-vector to scalarscalar scattering processes. In our model, one of g 0 and g 1 can be larger than the other in most of the region of the parameter space, and thus the result in Ref. [31] is applicable. We find that
The mass ratio of Z and V
We find in Sec. 2.4 that the mass ratio of Z and V is important to determine the model parameters and couplings. Although the mass ratio is a free parameter, there is a viable range.
It can be seen from Eq. (2.32) that g 0 becomes very large for m Z ∼ m V , and we can not treat g 0 as a small perturbation. For m Z m V , we can see from Eqs. (2.33) and (2.38) that g 1 and g W f L f L become large. This is also bad for the perturbative calculation. Moreover, the decay width of W and Z becomes larger for the larger g W f L f L .
For v Φ v and |φ| 1, we find 10) where N c = 3 for quarks and 1 for leptons. Here we take V CKM = 1 for simplicity. If W cannot decay into the non-SM particles kinematically, then the total width of W is given by
(3.11) Table II : The values of g 0 , We show some values of g 0 ,
Tab. II. We find that we cannot treat g 0 as a small perturbation for m Z m V . We obtain a lower bound on the ratio of masses of Z and V as m Z /m V 1.02 from the perturbativity condition for g 0 shown in Eq. (3.7). Similarly, the perturbativity for g 1 gives an upper bound on m Z /m V .
We find m Z /m V < 6.97. The total width also gives an upper bound on m Z /m V because the total width is proportional to the imaginary part of the one-loop diagrams while the mass is at the tree level. Therefore, our calculation based on the perturbation is valid only for the region where m W > Γ W . This gives the upper bound on m Z for a given value of m V , and we find that g W′ff /g Wff our model are different from those in the SSM. We recast the bound and obtain the lower bound on m W for a given coupling ratio of g W f L f L and g W f L f L . The result is shown in Fig. 1 . Here we assume that the K factor is 1.3. We find that m W 7 TeV for g 
Electroweak precision measurements
For m W /Z m W/Z limit, it is easy to obtain the electroweak precision parameters,Ŝ,T , W , and Y , introduced in [35] . At the tree level, we find that
The constraint is given as W = (−0.3 ± 0.6) × 10 −3 . We find that this constraint is much weaker than the constraint from the W search at the LHC experiment. 
Higgs signal strength
We can constrain φ h from the measurement of the Higgs couplings. We use the result from the ATLAS experiment [36] , 15) with the linear correlation between them is observed as 44%, and obtain |φ h | < 0.3. We consider 0 ≤ |φ h | < 0.3 in the following discussions.
DM phenomenology 4.1 Mass difference and its implication for collider physics
At the tree level, V 0 and V ± have the same mass. However, the mass difference is generated at the loop level, and thus V ± is slightly heavier than V 0 . The mass difference is given by
the one-loop level by using FormCalc [38] .
This result is consistent with the result in [37] . We have also checked it numerically by using
LoopTools [38] , without taking v Φ v limit.
This small mass difference is the same as the mass difference between the charged and neutral components of Wino (W ) in the MSSM. Wino is SU(2) L triplet fermions. The charged Wino decays into the neutral Wino, but its lifetime is long due to the small mass difference. Thus, Wino is being searched in the long-lived particle searches at the LHC. Our DM candidate, V 0 , and its partner, V ± , has the same properties as the Wino. The decay rate of V ± and the mass difference of V ± and V 0 are exactly equal to those of Wino. Therefore, the long-lived particle search is also a useful tool to find V ± in our model. The only difference of V fromW is the production rate of the charged particles. Figure 2 shows the production cross sections of V ± andW ± at the LHC with √ s = 13 TeV. We find that the production cross section of V ±,0 depends on m W and m Z as well as m V . It is also found that the production cross section of V ±,0 is smaller than the production cross section of Wino because of the interference between the diagrams exchanging W and W (Z and Z ) in the s-channel. Therefore, the constraint on m V from the long-lived particle search is weaker than that on the Wino, mW 460 GeV [39] . Once we require V 0 to explain the measured value of the DM energy density, then m V 3 TeV is required as we will see in the following. Therefore, our model is consistent with the results of the long-lived search if the whole of DM in our universe is explained by V 0 . 
Direct detection
At the leading order, DM-nucleon scattering is mediated by two scalars, h and h , which are even under the discrete symmetry. The spin-independent vector DM-nucleon scattering cross section is given by
where m N is the nucleon mass (N = p, n) and f N V is the effective coupling of DM-nucleon interactions. 
To obtain the effective coupling of the DM-nucleon interactions, f N V , we use the nucleon matrix elements,
where G a µν and α s are the SU(3) c field strength tensor and coupling constant, respectively. The numerical values of the mass fractions for the nucleon, f For light quarks (q = u, d, s), we can obtain the contribution to the effective coupling f N V using nucleon matrix elements of the mass operators. For the heavy quarks (Q = c, b, t), the leading contribution is loop diagrams (Fig. 3 right) . The operator m QQ Q equals − αs 12π G a µν G aµν in the matrix element, so the matrix elements of the heavy quark mass operators are given by
Using these matrix elements, the effective coupling f N V is given by
(4.10)
Finally, we obtain the spin-independent nucleon-vector DM cross section as follows. 
Relic abundance
The model contains two DM candidates, V 0 and h D . In this paper, we treat V 0 as the DM candidate by assuming h D is always heavier than V 0 .
We calculate the thermal relic abundance of V 0 by using micrOMEGAs [40] . The model file is generated by FeynRules [44] . Since the mass difference of V ± and V 0 is tiny, the coannihilation processes, which are automatically calculated in micrOMEGAs, are relevant. All the masses of the new particles are proportional to v Φ , hence the large mass difference among the new particles requires large couplings. To avoid large couplings and to keep working within the perturbative regime, we keep the mass ratio of the new particles to the DM mass within O(1).
The vector DM can interact with the SM weak gauge bosons even in a limit of vanishing the scalar mixing φ h . We start by investigating the relic abundance with very small φ h and show that the vector DM can explain the measured value of the DM energy density. We also discuss the case for |φ h | ∼ O(0.1) to see the impact of φ h on the forthcoming direct detection experiments. In the V -resonant region, which looks like a horn in the figure, the main (co)annihilation channel is V 0 V ± →via W exchange in the s-channel. In this region, g 0 and g 1 are less than O(1), and the perturbative unitarity is easily satisfied.
In the wide W width region, pairs of the dark matter particles mainly annihilate into W ± and Z because the processes with a W ± or a Z in final states are kinematically forbidden in this region. The masses of W and Z are larger than the dark matter particles, and thus W and Z are almost decoupled from the annihilation processes. As a result, m V is almost fixed around 3 TeV if we demand Ωh 2 = 0.12. This region is similar to the Wino DM model and SU(2) L triplet scalar DM models [45, 46] . In those models, DM mainly annihilates into W ± and Z, and the mass of the DM is fixed by requiring the thermal relic to explain the measured value of the DM energy density.
For |φ h | ∼ O(0.1)
We discuss the case for |φ h | O(0.1) to see the effects of φ h to the thermal relic abundance and the direct detection experiments. In this regime, the scalar quartic couplings can be large with large m h as can be seen from Eqs. (2.24)-(2.27). The annihilation processes into h and h , which are proportional to the quartic couplings, are efficient, and φ h dependence is visible. Figure 5 shows the value of φ h that is required to obtain the measured value of the DM energy density. Comparing to Fig. 4 , the viable region that explains the right amount of DM relic abundance is extended. The larger φ h requires the heavier m Z . This is because h and h contribute to the annihilation of pairs of DM particles for larger φ h , and the contributions of W and Z have to be smaller. On the other hand, the region with the larger φ h is excluded by the constraint on the SM Higgs couplings as we discussed in Sec. 3.5. As a result, we can constrain the value of m Z for a given m V .
We discuss the lighter and heavier Z regions in detail. The left panel in Fig. 6 is for the heavier Z region. It shows that the constraint from the XENON1T experiment is stronger than the one In the black shaded region, g 0 is beyond the perturbative unitarity bound.
from the Higgs coupling measurements. We find that the XENONnT experiment [47] can cover most of the parameter space for φ h O(0.01). The constraint from the perturbative unitarity gives a stronger constraint than one from the XENON1T experiment. However, this constraint highly depends on the choice of m h . The right panel in Fig. 6 is for the lighter Z region. The
XENONnT covers the large region of the parameter space. The HL-LHC is also useful to test the model for m W < 5.7 TeV. The W search at the collider experiment is independent of φ h , therefore the XENONnT experiment and the HL-LHC is complementary to each other.
The smaller φ h region is degenerate in Figs. 5 and 6. We magnify those regions in Fig. 7 . The values of m Z that are required to obtain the right amount of DM energy density are shown in the m V -φ h plane. The left panel shows the lighter m V region. We find that the combination of the DM direct detection at the XENONnT experiment and the W search at the HL-LHC is Fig. 7 is for V that is heavier than 4 TeV. The direct detection experiment is important in this region as well to determine the value of φ h . For m V 6 TeV, we can test this model from the W search. We find that the perturbative unitarity of scalar quartic couplings gives the upper limit on m V , m V 19 TeV.
Conclusions
We constructed a model of spin-1 dark matter that has the electroweak gauge interaction. The electroweak gauge symmetry is extended into SU(2) 0 ×SU(2) 1 ×SU(2) 2 ×U(1) Y , and the discrete symmetry under the exchanging of SU(2) 0 and SU(2) 2 is imposed. It is not necessary to extend the fermion sector to realize the realistic fermion mass spectra through the Yukawa interactions.
Since the dark matter candidate in this model couples to the electroweak gauge bosons, we do not need to rely on the Higgs portal couplings. These two features are distinctive of our model from other spin-1 dark matter models. Our model predicts spin-0 and spin-1 dark matter candidates, and the heavier one decays into the lighter one. In this paper, we focus on the spin-1 dark matter candidate.
The model predicts a heavy vector triplet (W ± and Z ) in the visible sector. We found that the W searches at the LHC give a strong constraint. That has already excluded some regions of the parameter space that can explain the measured value of the dark matter energy density by the freeze-out mechanism.
There are three scenarios that the model predicts the right amount of the dark matter relic abundance. The first scenario is that the heavy vector triplet is slightly heavier than the dark matter but has almost degenerate mass. In this case, pairs of dark matter particles can annihilate into a heavy triplet and a SM particle. This process is efficient, and the measured value of dark Although we do not need to rely on the Higgs portal interactions in this model, it predicts the signal for the direct detection experiments, and thus we also discussed the effects of the scalar mixing. We found that the perturbative unitarity bounds for the scalar quartic couplings give a stronger constraint on the mixing. We also found that the model is testable at the XENONnT experiment if |φ h | 0.03.
Since our dark matter interacts with the electroweak gauge bosons and is much heavier than them, the Sommerfeld enhancement is expected to give significant effects [48] [49] [50] [51] [52] . It may alter our results for the relic abundance. The effect is also important to test this model by the indirect detection experiments. We leave this to further study.
A Some details in the gauge sectors
The mass eigenstates are given by
where e = 2 g 2 0
Here we introduce φ ± and φ 0 that satisfy
We find
One can always choose cos φ ± > 0 as a convention, and thus
We also find
For v Φ v, the mixing angles are given by cos φ ± = g 0
B Would-be NG bosons
The mass matrices for the gauge bosons are given by
In the R ξ gauge, the mass terms are given by
26
The eigenvectors of the mass matrices are
Multiplying Q W to Eq. (B5) and comparing it with Eq. (B6), one can find that Q W ω X ∝ ω π X .
Note that (Q W ω X ) t (Q W ω X ) = ω t X Q t W Q W ω X = m 2 X and ω t π X ω π X = 1. Similar relations are also found in the neutral sector. Finally, we find
These relations are useful to obtain the Fermi constant and some relation among couplings. For example, we use
to obtain the Fermi constant.
The mixing angles for the charged NG-bosons are given by
where sin φ π and cos φ π satisfy
Comparing Eqs. (B12) and (B9), we find
The mixing angles for the neutral NG-bosons are given by
where sin φ π 0 and cos φ π 0 satisfy 1 4
Comparing Eqs. (B16) and (B10), we find
C Fermi constant
The Fermi constant is defined by the muon decay, µ → ν µ eν e . There is a W exchanging diagram as well as the W -exchanging diagram. We have to add both contributions. We can simplify the calculation by using the relation between the mixing angles in the gauge sector and NG-boson sector. The Fermi constant is given by
In the last line, we used that X ω j π X ω k π X = δ jk . Therefore, we find
